A method is presented utilizing the rapid intravenous injection of a dye-isotope mixture and rapid, serial arterial sampling which permits the determination of rates of disappearance of these materials from the vascular system. Since K + traverses capillary endothelial walls at about twice the rate of Na + it appears that these two ions, while being about the same size and having the same charge, are handled in different manners by the capillaries. Other variables obtainable from the T-1824 isotope time-concentration curves such as plasma volume, circulation time, cardiac output and isotope distribution volumes are also presented.
H ISTORICALLY the use of tracer amounts of radioactive isotopes has yielded much information concerning the disappearance of substances from the vascular system. 1 " 3 Flexner and co-workers, 4 Cowie and associates, 5 and Walker and Wilde 6 have all contributed to the steadily growing concept that the transcapillary movement of materials is based principally on a diffusion mechanism. In addition Pappenheimer 7 has shown that the capillary is capable of various rates of exchange for H 2 O, NaCl, glucose and urea. Apparently these exchange rates are dependent not only upon diffusion but also upon a so-called restricted diffusion which is related to pore size.
Sheppard and co-workers 8 have recently reported the use of technics for rapid sampling of blood from animals injected with K 42 , and for improved mathematical interpretation of the resulting time-concentration curves. Utilizing their method this report presents data on the rate of transport of K 42 and Na 24 from the vascular system of dogs, and to compare their behavior, one with the other, and each with that of T-1824 which is lost much more slowly from the blood. By such means it is hoped that further differentiation of the important mechanisms involved in transcapillary movement of materials can be obtained. In addition, various ancillary measurements are obtainable from early dye-isotope disappearance curves and are presented. METHODS In general, all the experiments to be reported were carried out as follows: an aliquot of radioactive sodium (Na 24 ) or potassium (K 42 ) was mixed with Evans blue dye (T-1824*). Both Na 24 (specific activity about 20 mc./Gm.) and K 42 (specific activity about 115 mc./Gm.) were obtained as the carbonate salt from the Oak Ridge National Laboratory. These salts were dissolved in a minimal volume of distilled water and the resulting solution neutralized with concentrated HC1. After evaporating this solution to dryness, the chloride salt of the isotope was redissolved in distilled water and mixed with enough T-1824 (2-4 mg./ml.) to make an injectate producing counting rates averaging about 2.01 x 10 6 cts./sec./ml. under conditions providing 20 per cent efficiency. About 0.25 me. were injected into each dog. The final dye concentration of the injectate was about 1.50-2.50 nig./ml. Adult, healthy mongrel dogs, anesthetized with sodium pentobarbital (1 ml. 6.5 per cent soI./5 lbs. body weight) were used in these experiments.
One milliliter or less of the mixture of isotope and dye was rapidly injected into an exposed vein and rapid, serial arterial blood samples (about 3 nil.) were collected in response to time signals previously recorded on a tape recorder-3 sec. samples were collected during the first minute, one every 10 sec. for the second minute and one every 30 sec. for another 4 min. The samples, collected in 10 x 75 mm. heparinizedf culture tubes, were subsequently centrifuged and the plasma analyzed for both dye and radioactivity. Dye concentrations were read on a Beckman model B spectrophotometer at 620/^. * We gratefully acknowledge the generous support of this work by the Warner-Chilcott Laboratories, New York, in the form of ample quantities of Evans blue dye.
f All heparin used in these studies was generously supplied by the Abbott Pharmaceutical Company. 419 Circulation Research, Volume V, July 1057
Twenty-five to 500X of plasma were pipetted into stainless steel planchets, the amount being governed by the concentration of T-1824 in each sample. The samples were then slowly dried under heat lamps and the level of radioactivity determined with a Geiger-Mtiller tube having an end window thickness of 2.2 mg./cm. 2 which was coupled to a Tracerlab supersealer and printing interval timer. Each sample was counted for 6,000 counts and the concentration of both dye and isotope standardized by expressing them as per cent injected dose per gram of animal / counts/sec./ml. \counts injected/Gm. or mg./ml. mg. dye injected/Gm. These values were then plotted against time on semilogarithmic paper ( fig. 1 ).
From the analysis of these time-concentration curves and the utilization of various ancillary data, a number of variables were calculated. These included: cardiac output, plasma volume, modal cardiopulmonary circulation time, mean rate of loss of the isotope from the vascular system (transport rate), isotope space, and peripheral resistance. Cardiac output was calculated from the periodic component of the curve (fig. 1 ) in the classical manner. The descending slope of the primary circulation curve was extrapolated to the time-axis and the primary circulation curve replotted on linear paper. Determining the number of unit-seconds beneath the curve planimetrically and dividing this value into the animal's weight gave the cardiac output in milliliters of plasma per second. 9 Conversion to whole blood cardiac output was obtained by dividing milliliters of plasma per second by (1-hematocrit) . Cardiac outputs can be calculated from the analysis of the periodic portion of either the dye or activity dilution curves, since these curves are almost superimposable during the first pass of the injectate through the heart ( fig. 1 ). Plasma volumes were obtained by extrapolating the late aperiodic component of dye time-concentration curves back to 0 time. In the case of the T-1824 extrapolate, the reciprocal of the intercept equals the plasma volume in milliliters per gram body weight.
The transport rates which we define as the mean rate of disappearance of the radioisotope were based on the observations of Sheppard and co-workers 8 who showed that curves for a rapidly disappearing substance such as K 42 could be treated by essentially the same procedures as those for more slowly moving substances. These authors indicated the nature of the corrections to be applied for rapid movement. Thus we have used for Na 24 and K 42 the now familiar methods of analysis (figs. 2, 3) in which the disappearance curves are plotted on a semi logarithmic scale. The resulting curves are recognized as superimposed oscillations on a monotonically declining curve, originating at an ordinate value approximately determined by the volume of distribution of T-1824, and which proceeds initially linearly with a rapid downward slope. Due to the heterogeneity of disappearance rates and the onset of backflow from extravascular pools which are encountered in experiments with rapidly or slowly exchanging isotopes, the curves do not remain linear and must be resolved into components. As previously indicated 8 analysis of the early aperiodic portion of the isotope disappearance curves ( fig. 3 ) yields the mean rate of exchange of radioisotope between vascular and extravascular pools. For steady state conditions such as we are concerned with, this is equal to the outward transport rate expressed as the fraction of total plasma Na or K which leaves the circulation per minute, or a value which Walker and Wilde 6 alternatively expressed as "turnovers per minute." Sheppard and associates 8 pointed out that there would be a small correction to be added to the values thus obtained, but work in our laboratory to be reported subsequently makes it evident that this correction is quite small in the dog and has not been included in these final results.
Peripheral resistance was obtained by the use of the following formula:
mean blood pressure x 1332 cardiac output/sec. Mean blood pressure utilized in this computation was obtained immediately before the cardiac output determination.
The distribution volume of injected isotope was derived by extrapolating the late aperiodic component of the disappearance curve ( fig. 2) , and obtaining the reciprocal of the virtual concentration at 0 time.
The method was also useful in determining circulation time, which we define as the time elapsing from the moment of injection of dye to the time of attainment of a peak arterial concentration. This is a modal circulation time and may be thought of as the average traversal time in the pulmonary or central circuit.
Twenty-five animals were used to test the reproducibility of the methods employed. These animals were treated as outlined above with the exception that 30 to 40 min. after control determinations, the dogs were reinjected with a dye-isotope mixture which permitted the remeasurement and recalculation of the variables.
Statistical manipulations yielding a probability of p § 0.05 were considered to be an adequate test of significance as nearly as could be determined utilizing the methods and number of animals described above.
RESULTS
Control Data. Measurements made of the rates of loss of Na 24 and K 42 indicated that the two isotopes leave the vascular system individually at constant rates, but at different rates for the two ion species. The rates of disappearance for Na 24 and K 42 as determined in 65 normal, healthy dogs are presented in table 1. The average vascular slope (transport rate) for Na 24 is 1.38 ± 0.30 while the value 2.22 ± 0.39 indicates the mean rate of loss of K 42 from the vascular system. The greater rate of loss of the latter is to be expected, since K is principally an intracellular ion and thus has two possible routes of escape across the capillary walls. This difference in rate of flux and the possible mechanism involved in its production will be reviewed in the discussion.
The reciprocals of the extrapolated late aperiodic component of the isotope curves were calculated, and, as in the case of T-1824, they represent the distribution volume. In animals injected with Na 24 , the resulting distribution volumes averaged 135 ± 43 ml./Kg. or 13 per cent of the body weight. Similar measurements made in dogs receiving K 42 were much more erratic (range 227-870 ml./Kg.); however, the average of these determinations in 34 animals was 502 ± 172 ml./Kg.-a value which comprises a distribution volume equal to about 50 per cent of the body weight. It is suggested that such a volume distribution in so short a time as 6 min. testifies to the great speed at which K crosses not only the capillary endothelial wall but also tissue cellular membranes as well. One would not expect the distribution of K 42 to approximate a total body water measurement, since it is confronted by two barriers and is not ever equally distributed in the body water. However, it must be reported that in many of the animals (23 per cent), the calculated distribution volume of K 42 exceeded 60 per cent of the body weight. The average cardiac output in 62 dogs was 167 ± 41 ml./min./Kg. with a rather sizeable range extending from 92 to 272 ml./min./Kg. The average T-1824 distribution volume in 63 dogs was 51 ± 9 ml./Kg. with a range of 27-69 ml./Kg. In most instances good agreement was obtained between the distribution volume of the T-1824 and the reciprocal of the early aperiodic extrapolate of the isotope disappear-ance curves. This was particularly true with regard to K 42 . Since these early aperiodic distribution volumes closely approximate T-1824 space, it is felt that the rate of descent of this portion of the isotope disappearance curve, when corrected for the events occurring during the late aperiodic portion, represents a rate of loss or escape of label from the plasma. This is stressed since apparently the events of mechanical circulatory mixing are over at the earliest portion of this curve.
Reprodiicibility. Table 2 presents data on 25 animals used to test the repeatability of vascular slope measurements. The level of significance for repeat Na 24 transport rate measurements made in 11 dogs was p > 0.9 with both the control and experimental determinations averaging 1.54. Likewise, K 42 transport rates in 14 animals also would appear to be insignificantly altered (p > 0.4 < 0.5) even though the experimental average is somewhat reduced from that of the control. Analysis of the two groups of control Na 24 transport rates as presented in tables 1 (1.38) and 2 (1.54) revealed that the difference between the means was not statistically significant (p > 0.05 < 0.10).
Repeat determinations of cardiac output produced a distinct average reduction from a control value of 160 to 131 ml./min./Kg. which proved to be a significant alteration at the 0.1 -0.5 per cent level. Such a reduction may be due to an alteration in plasma volume or, more likely, to some undefined role which varying planes of anesthesia may exert on the cardiovascular system.
Determination of plasma volumes in 24 dogs agreed reasonably well when viewed averagewise (table 2), the difference equalling 3 ml./ Kg. All animals showed this reduction which contributes to the statistical significance of the measurement.
A significant alteration in K 42 distribution volume did not occur in these experiments, however, Na 24 space was reduced (table 2). The mechanism explaining this significant decrement is not readily apparent. It is possible that a repetitive sampling technic could reduce the smaller Na 24 space in a significant manner, while a similar reduction in plasma volume would not be sufficient to reduce the K 42 space proportionately.
Consideration of the remaining measured variables presented in table 2 did not produce statistically significant differences.
DISCUSSION
In the foregoing experiments, no attempt was made to alter hemodynamics and the presentation of such data in this report is made to better characterize the conditions under which mean endothelial transport rates for Na and K were studied. One point of general interest is the close agreement of circulating plasma volumes obtained during the first 6 min. in this study with those previously reported by Gregersen and his colleagues 10 -u which involved sampling over a much longer period.
Inspection of figure 1 reveals how well the initial oscillation of the dye and isotope curves agree. While replotting on linear paper Avill show that these curves are not completely superimposable, the cardiac output figures derived from such curves differ by less than 10 per cent. It is thus clear that little label is lost during the first circulation through the heart and lungs. These findings substantiate those of Overman and Davis, 12 Walker and Wilde, 6 and Conn. 13 The importance of diffusion mechanisms in governing the transcapillary movement rates of different materials has been documented by several investigators. 1 ' 4 " 7 Utilizing the method described in this paper, the analysis of the early aperiodic portion of radioisotope disappearance curves, when adjusted for later equilibrium concentrations, indicates that K + leaves the vascular system 1.7 times the rate of Na + . The difference between the two rate constants (Na 24 = 1.38 ± 0.30, K 42 = 2.22 ± 0.39) is significant at a level markedly less than 0.1 per cent (t = 10.0). Further, these rate constants appear to reflect fundamental properties of the endothelial barrier since severe alteration in hemodynamics (to be reported in detail in a later publication in this journal) does not materially change the rate of loss of either isotope. Such results offer additional evidence that a diffusion mechanism is operative in these transfers and the filtration, due to the interplay of hydrodynamic and oncotic forces, exerts but a minor influence.
Since the technic used in this work utilizes arterial sampling, analyses of the resulting time-concentration curves provide mean rates of ionic movement for the whole animal-an algebraic sum of many individual transport rates. Data previously presented by Sheppard, Overman, Wilde and Sangren 8 however, indicate that individual tissue transport rates do not differ markedly from the mean. These authors showed that the slopes of the early aperiodic portions of time-concentration curves derived from sampling different veins were quite similar. Though they were displaced horizontally in time and vertically in concentration, they were practically parallel.
The mean transport rates presented here are offered as biologic constants. Not only are the transport rates quite reproducible in dogs, but in a large series of monkeys studied in this laboratory as well. In fact, with this report together with that of Walker and AVilde 6 on K 42 vascular disappearance in the rabbit, representatives of the three general dietary classes of mammals have been studied. In all three, the Iv 42 rate constants are statistically identical and in the monkey and dog, Na 24 flux is also the same.
Despite the difficulty of altering the reported rate constants, certain procedures have been discovered which change them. Exposure of animals to whole body x-irradiation augments both Na 24 and K 42 transport rates. Histamine has been found to increase only Na 24 transport rates. Recently Turner 14 has shown that intravenously administered hyaluronidase increases the K 42 turnover rate about 60 per cent while leaving the Na transport rate unchanged. Thus, it would seem that several mechanisms or routes of escape are available in the capillary handling of Na and K. They may be influenced together or independently. In the instance of hyaluronidase treatment it would seem reasonable that if both intercullular cement substance and endothelial cell surfaces had been influenced, both ions would have exhibited altered rate constants. Such is not the case.
As a point of discussion and in an attempt to correlate the above mentioned facts into some sort of modus operandi of the capillary barrier, we offer the following: the capillaries are the site of exchange of materials between blood and tissues and as such they exert themselves principally through diffusion mechanisms. These capillaries are capable of handling Na and K in different manners, or at least when reduced to the barest essentials, they offer at least two routes of escape to these ion species. Tentatively we postulate that the movement of Na occurs principally via the intercellular cement, while K possesses two or more routes of escape from the capillary-including the same intercellular cement and the much more extensive one which is composed of thin endothelial cells. We believe with Walker and Wilde 6 that the faster rate of K transfer may well be due to the ability of this basically intracellular ion to traverse capillary endothelial cells. Such a mechanism would, in all probability, be unavailable to the Na ion in the normal animal. The possibility of the presence of such a mechanism goes far towards explaining how Na and K rate constants can be so reproducible while these substances leave the vascular system individually at constant yet different rates for the two ion species. Furthermore, such a mechanism does not make it surprising that the transport rate of one can be altered independently of the other. Pappenheimer 7 estimates, using reasonable values of the physical parameters, that an amount of NaCl equal to twice the amount in the capillary should exchange across the vessel wall per second. This would require that the blood would be completely cleared of tracer on one pass through the circulation, provided that all capillaries resemble those in Pappenheimer's preparations and that there is no early backflow from extravascular pools. Our data show conclusively for Na 24 that the net movement of Na is much slower. It seems pointless at this time to attempt to resolve this discrepancy until further information can be obtained concerning the functional vascularity for Na of the various tissues of the dog.
SUMMARY
The utilization of T-1824, Na 24 and K 42 , rapid multiple arterial sampling technic, and time-concentration curves has permitted the determination of mean rates of disappearance of label from the vascular system, cardiac output, plasma volume, modal circulation time and the distribution volume of isotope in 65 dogs. Use of the mean blood pressure permitted the calculation of peripheral resistance. It was found that K 42 traverses the capillaries about twice the rate of Na 24 transport. Normal values for cardiac output, circulation time, distribution volumes for Na 24 and K 42 are presented. A rapid method is outlined for determining circulating plasma volume utilizing T-1824. The experimental results and their possible significance are discussed.
SUMMAHIO IN INTERLINGUA
Le utilisation de T-1824, Na 24 e K 42 , de un technica rapide del prisa de multiple specimens arterial, e de curvas a tempore e concentration, ha permittite le determination in 65 canes (1) del rapiditate medie del disparition del radiomarcation ab le systema vascular, (2) del rendimento cardiac, (3) del volumine de plasma, (4) del tempore modal de circulation, e (5) del volumine de distribution del isotopos. Le uso del pression sanguinee medie ha permittite le calculation del resistentia peripheric. Nos ha constatate que K 42 transversa le capillares circa duo vices plus rapidemente que Na 24 . Es presentate le valores normal pro le rendimento cardiac, le tempore de circulation, e le volumines de distribution pro Na 24 e K 42 . Es delineate un rapide methodo, utilisante T-1824, pro le determination del volumine del plasma circulante. Es discutite le resultatos experimental e lor possibile signification.
